We present near-infrared (0.78-2.45 µm) reflectance spectra for nine middle and outer main belt (a > 2.5 AU) basaltic asteroids. Three of these objects are spectrally distinct from all classifications in the Bus-DeMeo system and could represent spectral end members in the existing taxonomy or be representatives of a new spectral type. The remainder of the sample are classified as V-or Rtype. All of these asteroids are dynamically detached from the Vesta collisional family, but are too small to be intact differentiated parent bodies, implying that they originated from differentiated planetesimals which have since been destroyed or ejected from the solar system. The 1-and 2-µm band centers of all objects, determined using the Modified Gaussian Model (MGM), were compared to those of 47 Vestoids and fifteen HED meteorites of known composition. The HEDs enabled us to determine formulas relating Band 1 and Band 2 centers to pyroxene ferrosilite (Fs) compositions. Using these formulas we present the most comprehensive compositional analysis to date of middle and outer belt basaltic asteroids. We also conduct a careful error analysis of the MGM-derived band centers for implementation in future analyses. The six outer belt V-and R-type asteroids show more dispersion in parameter space than the Vestoids, reflecting greater compositional diversity than Vesta and its associated bodies.
Kirkwood gap. Several outer belt basaltic asteroids, such as (1459) Magnya, are also simply too large to have plausibly been ejected from Vesta (Ieva et al., 2015) . Furthermore, the Dawn spacecraft has provided sufficiently high spatial resolution of Vesta's surface spectral features to conclude that at least two V-types beyond the 3:1 Kirkwood gap could not have originated from the Rheasilvia impact basin (Ieva et al., 2015) . Thus, they are most likely fragments of differentiated parent bodies which have since been destroyed or ejected from the solar system (Lazzaro et To further understand these objects, along with how and where they may have formed, we have analyzed near-infrared reflectance spectra of nine basaltic asteroids located in the main belt between a = 2.5 AU and a = 3.3 AU. We then compared the spectra of these asteroids to those of 47 Vestoid asteroids and fifteen HED meteorites of known composition. Eight additional achondrite, olivine-rich meteorites from the Acapulcoite and Lodranite suites were analyzed to serve as references for objects that display 1-and 2-µm absorption bands but do not have HED-like compositions. While previous studies have examined several of these asteroids before, there has yet to be a comprehensive analysis of a majority of the known middle and outer belt basaltic asteroids. Moskovitz Throughout this work we use several terms. V-type asteroids, the category to which most of our target objects belong, are a spectral type within the BusDeMeo asteroid taxonomic system (Bus and Binzel, 2002b ; DeMeo et al., 2009), distinguished by deep absorption bands near 1 and 2 µm which are characteristic of a pyroxene composition. One of our target asteroids, (349) Dembowska, is not a V-type, but rather is the only known R-type according to the Bus-DeMeo taxonomic system (Bus and Binzel, 2002b; DeMeo et al. 2009 ). The R-type spectrum also shows significant absorption features near 1 and 2 µm, but has a slightly flatter spectrum and a more complex 1-µm absorption feature, likely due to the presence of olivine (Gaffey et al., 1993) . The Vestoid family is a dynami-cal and compositional grouping of V-type asteroids associated with 4 Vesta, the second-most massive body in the main belt and the only asteroid believed to be a largely intact differentiated planetesimal. Other types of planetary differentiation are known to occur, such as ice-silicate differentiation-however, when used in this work, the term differentiation refers exclusively to metal-silicate differentiation.
The process of metal-silicate differentiation was most likely driven by radioactive decay of short-lived isotopes such as 26 In order to further explore the possibility of this scenario, we analyzed the pyroxene mineralogy of these asteroids. Pyroxenes have varying abundances of iron, magnesium, and calcium, the molar percentages of which are reflected in their respective Ferrosilite (Fs), Enstatite (En), and Wollastonite (Wo) numbers (e.g. Mayne et al., 2010) . In this work, we focused on determining the Fs number of each of our target asteroids. In addition to scaling with the bulk iron concentration in which it formed, a given pyroxene's Fs number is strongly influenced by the oxidation state of its formation environment, since oxidizing conditions tend to produce more iron-rich minerals. Given that an oxidation gradient existed within the solar nebula, comparing two objects' Fs numbers can thus shed light on where they formed relative to one another (Rubin and Wasson, 1995) .
To take advantage of this phenomenon, we derived formulas relating the centers of pyroxene absorption bands from HED meteorite spectra taken from the RELAB (Reflectance Experiment Laboratory) database at Brown University.
We then used them to calculate the Fs content of our target objects. In doing so we aim to provide observational constraints on the The remainder of this paper is organized as follows: in Section 2 we discuss how and when our asteroid observations were obtained. In Section 3 we fit observational spectra of our target objects, Vestoids, and HED meteorites using 
Observations and reduction

Asteroid observations
Much of the data for this work were drawn from published, archival sources. Table 1 : Sources of all observational data for target asteroids. Spectra of these objects are shown in Figure 2 .
Acquisition of data from these two instruments followed analogous procedures. For both the slit mask was oriented along the parallactic angle at the start of each observation to minimize the effects of atmospheric dispersion. Solar analogs were observed to correct for telluric absorption and to remove the solar spectrum from the measured reflectance. Objects and solar analogs were observed near the meridian and at similar airmass. Individual exposures for the asteroids were held between 120-180s to avoid saturation of telluric emission features and, for FIRE, to avoid saturated thermal emission from the instrument and telescope at wavelengths longer than about 2.2 µm. Exposures were obtained in standard ABBA nod sequences with the target offset by several arc seconds along the slit at the two nod positions.
FIRE was operated in its high-throughput prism mode with a 0.8 × 50" slit.
These settings produced single-order spectra at a resolution of approximately 400 from 0.8 to 2.45 µm. At the IRTF, SpeX was configured in its low resolution (R = 250) prism mode with a 0.8" slit for wavelength coverage from 0.8 to 2. Spectra for all of our outer belt target objects are shown in Figure 2 . In addition to these observations, we utilized spectral data on 4 Vesta from Gaffey 
Meteorite spectra
We compared our asteroid data to reflectance spectra of HED meteorites taken using the near-IR bidirectional spectrometer at at the NASA/Keck Reflectance Experiment Laboratory at Brown University (Pieters, 1983) . In addition, we analyzed reflectance spectra of Acapulcoite and Lodranite meteorites taken at the same facility. The HED meteorites provided spectra of Vestoid analogs with known, laboratory-determined compositions. The Acapulcoites and Lodranites, meanwhile, served as comparators with similar spectral features (i.e. 1-and 2-µm absorption bands). These specific groups were of particular interest as they are known to be more olivine-rich than the Vestoids and HED meteorites (e.g. McCoy et al., 1996) and thus can provide insight on the limitations of our methodology for non-Vesta compositions. The process of compositional validation performed using these meteorite spectra is outlined in sections 3.4 and 3.5.
For each sample we analyzed spectral data taken from observations of the smallest grain size available. Specific grain sizes for each meteorite measured are available in Table 3 , along with Fs numbers drawn from either Mayne et al. 
Vesta and Vestoids
Object
UT Date would not be sufficient for extracting mineralogical information on any single object, applying it to spectra of HED meteorites with known mineralogy and basaltic asteroids yields relative mineralogical insight. These can then be used for comparison across populations of basaltic objects.
MGM band fitting
To ensure that our MGM fits were well-calibrated to objects with known mineralogy, we began by collecting spectra of meteorites with known bulk pyroxene Fs numbers from the online database curated by the NASA/Keck Reflectance Experiment Laboratory (RELAB) at Brown University (Pieters, 1983) . These spectra were then truncated to the NIR region of 0.78-2.45 µm in order to match the minimum spectral range of our outer belt asteroid spectra. We then attempted MGM fits to our HED meteorite spectra using a variety of input RELAB does not provide error bars on its spectra. However, we were able to estimate a wavelength-averaged signal-to-noise (S/N) of each spectrum as the mean reflectance value divided by the standard deviation of the RMS residuals of the fit, which we then mapped to band center errors using the methodology outlined in section 3.2.
We ultimately found that a set of parameters modeling four bands and a sloped continuum yielded the best fit while minimizing free parameters. However, in the case of three Eucrite meteorites-ALHA81001, BTN00300, and MAC02522-the output band centers varied too significantly from those measured in Mayne et al. (2011) , and so these objects were excluded from our sample.
Our exact set of input parameters was further refined by using MGM to fit spectra of Vesta, numerous V-type asteroids, and our sample of basaltic outer belt asteroids. For several objects, MGM fit an unrealistically wide 1.2-µm band, which resulted in the 1-µm band falling well below where it could plausibly be located. As a result, the maximum width of the 1.2-µm band was restricted significantly more than that of other bands. Ultimately we were able to determine a single set of input parameters which could be utilized for MGM fits to all of our meteorite and asteroid spectra, with the lone exception of the outer belt asteroid (14390) 1990 QP 19 . This object, along with asteroids (7572) Kumakiri and (10537) 1991 RY16, may represent a new spectral type of asteroid and is discussed at greater length in section 4.1. Our final set of input parameters is shown in Table 4 , and a sample MGM fit (to (1459) Magnya) is shown in figure 3 . 
Band Center Error Analysis
Formal error bars on fitted band centers behave non-linearly as a function of signal-to-noise (S/N). These errors are non-trivial to estimate because typical observational data only contain uncertainty associated with reflectance values whereas the accuracy of band centers is an uncertainty associated with the spectral dispersion axis. Thus the S/N of spectral data cannot be used as a direct indicator of band center uncertainty.
We performed a series of Monte Carlo experiments to assign formal error bars to MGM-fitted band centers as a function of S/N. We began with RELAB spectra of a Howardite (Y791573), a Eucrite (Ibitira), and a Diogenite (Tatahouine), and then fit their band centers using MGM. These particular samples were chosen because they have exceedingly high S/N (>> 100) and are well fit with our 4 band MGM model. We then added a prescribed level of random noise to the spectra and re-fit the band centers. This addition of noise and fitting of the spectra was repeated 1000 times. The standard deviation of the band centers from the 1000 trials was then used to assign 3σ uncertainties to The relationship between percentage error in band center and the S/N of the spectrum is essential to properly assess uncertainties on the spectral parameters presented here, but can also be a useful tool for future observational planning. (1)
This uncertainty analysis is purely based on statistical (S/N) errors associated with spectral data. This analysis does not apply to systematic errors that could also influence the accuracy of band center fits. For example, outlying points in asteroid reflectance spectra due to incomplete removal of telluric bands around 0.95, 1.1, and 1.9 µm can skew band centers in ways that are difficult to quantify. Treatment of such systematic effects is beyond the scope of this work.
These band center error estimates are specific to V-type and HED spectra.
While these results likely provide a rough estimate on formal band center errors for other compositions (e.g. ordinary chondrites), a similar analysis would be required to properly assess the errors for different spectral types/compositions.
Temperature corrections to band centers
Higher surface temperatures cause a shift in observed band centers to lower wavelengths. Thus, when comparing meteorite laboratory spectra to observa- 
Where A is the albedo of the asteroid, L 0 is solar luminosity, η is the beaming factor (set to unity), is the infrared emissivity of the asteroid (set to 0.9), σ is the Stefan-Boltzmann constant, and r is the heliocentric distance of the asteroid at the time of its observation. As discussed in Burbine et al. (2009) , adjustments on the scale of 0.1 to η and σ alter the resulting temperature by only ± 10 K.
Albedos for each object were retrieved from the WISE catalog (Mainzer et al.
2011) or IRAS (Tedesco et al., 2002
). For objects whose albedo was unavailable, the albedo of 4 Vesta (0.4) was assumed, as it should be representative for Vtype asteroids. Albedo errors for all objects had effects on the corrected band centers at or below the order of 0.001%, and thus were not accounted for.
Having calculated the surface temperature of each object, we then corrected our MGM-derived band centers using the formulas determined by Burbine et al. Table 6 .
Compositional validation
Our next step was to address how well we could use MGM-derived band centers to constrain the bulk pyroxene Fs number of any given object. We Table 5 , along with the Fs numbers predicted by equations (4) and (5) 
Comparison to non-Vesta-like meteorite spectra
As these equations were calibrated to HED meteorites with compositions analogous to Vesta, it was important to gauge their accuracy for non-Vesta Acapulcoites and Lodranites are achondrites likely from differentiated or partially differentiated parent bodies and are known to be more olivine-rich than the HED suite. We obtained reflectance spectra of three Acapulcoites and five Lodranites from the RELAB database, all with known compositions, and performed MGM fits on them using the same set of input paramters used for the HED meteorites (see Table 4 ). The resulting band centers for each meteorite are shown alongside those of the HEDs in Table 3 Since the presence of olivine inflates Band 1 center far more than Band 2 center, the accuracy of our equations can be quantified by examining the "Fs discrepancy" between the Fs numbers predicted by each band center. The average Fs discrepancy among our HED meteorite sample was just 2 ± 2 molar percent, while among our Vestoid sample the average Fs discrepancy was only slightly higher at 4 ± 3 molar percent. However, the Acapulcoites and Lodranites fell well outside this range, with an average Fs discrepancy of 15 ± 9.
Notably, the Fs discrepancy values for the HEDs and Vestoids are smaller than the RMS error on Equations 4 and 5, but the Fs discrepancy values for other objects are much larger. Our equations are thus not suitable for analyzing the composition of these objects. However, Figure 6 demonstrates that our method of MGM fitting is nevertheless capable of clearly differentiating these objects in band space from HED meteorites and Vestoids. Furthermore, our derived pyroxene Fs numbers almost certainly establish an upper limit for these cases.
Two of the outer belt objects listed in Table 7 Table 6 : MGM fit results for main belt basaltic asteroids. The columns in this table are: object designation, albedo, estimated mean surface temperature (see Equation 3 ), temperature correction to B1 center, temperature correction to B2 center, temperature-corrected B1 center, temperature correction to B2 center.
Discussion
Spectral Outliers
Three objects initially classified as V-types based on visible wavelength spectra ((7472) Kumakiri, (14390) 1990 QP 19 , and (10537) 1991 RY 16 ) are found to be spectrally unique from the remainder of our sample due to a wide and complex 1-µm absorption band and a wide and shallow 2-µm absorption band.
The shape of the 1-µm band is likely due to overlap with an unusually large absorption feature or features in the 1.2-µm region. This is particularly visible in spectra of (14390) PCA is described in detail in Tholen (1984) and Bus (1999) . In previous examinations of Spartacus, it has been speculated that its complex 1-µm feature may be due either to compositional variation across the surface of the asteroid or to a much higher concentration of olivine than is present on the surface of other Vestoids (Burbine et al., 2001 ). While significant variation in surface composition is uncommon among asteroids, the three overlapping olivine bands known to fall in the 1-µm region are a plausible explanation for this feature of Spartacus' spectrum and the spectra presented here. However, while its large Fs discrepancy is reminiscent of the Acapulcoites and Lodranites analyzed in this work, the fact that Equation 5 predicts a higher Fs number than Equation 4 is not what would be expected from olivine features in its spectrum. Furthermore, distinguishing between the three overlapping olivine bands and the two overlapping pyroxene bands in the 1-µm region is extremely challenging, and so we draw no conclusions regarding the specific mineralogy of these unusual objects. Boznemcova, is also located off the plot at PCir2 = -0.6355, PCir1 = -0.1751.
Band centers and Fs numbers for outer belt objects
As shown in Figure 8 After fitting the spectra of our outer belt asteroids using MGM, we calculated their predicted Fs numbers with Equations 4 and 5. We determined error on these objects' Fs numbers by propagating the error on their band centers through Equations 4 and 5 and combining the result in quadrature with the RMS error on the equations themselves. Performing the same process on the weighted mean band centers calculated above allowed for mineralogical comparisons between these groups of objects. However, as shown in Table 7 and Fortunately, for most of our outer belt V-and R-types, these equations yield consistent results and thus can constrain each object's Fs number to a relatively narrow range, usually less than ten molar percent. The two exceptions to this, as discussed in section 3.5, are (349) Dembowska and (22308) 1990 UO 4 . The former of these is known to be an olivine-rich body. The latter's location in band space is extremely close to the area inhabited by the Acapulcoites, and thus may have an Acapulcoite-like composition as well, which would imply the presence of olivine and a low Fs number. As a result, a meaningful comparison can be made between the Vestoids and most of our outer belt V-types using the average band centers of each, and the two objects which are not easily compared are nevertheless likely to be significantly lower in Fs content than the Vestoids.
The weighted mean band centers for the Vestoids yield predicted Fs numbers of 32 ± 9 and 35 ± 4. This range is similar to a Howardite or low-Fs Eucrite meteorite (see Figure 6 ), which is to be expected given that Vestoids are comprised primarily of material from Vesta's crust and upper mantle. These values are lower for our outer belt targets due to their significantly lower average Band 2 center. For these six objects, Equations 4 and 5 predict average Fs numbers of 35 ± 17 and 28 ± 8, respectively. While there is overlap between the Fs numbers predicted for the outer belt V-and R-types and the Vestoids, these results suggest that the typical Fs content of these objects may be lower than their inner-belt Vestoid counterparts. This is particularly true since the actual difference in Fs content may well be more significant than indicated by raw comparison of these numbers due to the possible presence of olivine artificially raising the Fs numbers of (349) Dembowska and (22308) 1990 UO 4 . However, these results are somewhat speculative and based on small sample sizes. As we discuss in section 4.3, more data are needed in order to further constrain the composition of other igneous asteroids in the outer main belt, which could in turn provide insights regarding the environments in which they formed. 
Compositional implications for formation
These asteroids' lower average Fs numbers are of interest due to ferrosilite's ability to act as a tracer of the oxidation state of a mineral's formation environment. In oxidizing conditions, iron is preferentially incorporated into silicate minerals as they form, while reducing environments tend to send more iron into the metallic state. In the case of asteroids, this means that objects composed of high-Fs-number pyroxene are likely to have formed in a more oxidizing environment than their low-Fs-number counterparts. That the average Fs number of our outer belt targets may be, on average, somewhat lower than the Vestoids' is indicative of these objects having formed in a more reducing environment.
This fact is of particular significance when we consider it in light of the oxidation gradient that existed within the solar nebula. Due to the increased presence of water at lower temperatures, a newly-forming planetesimal was subject to significantly more oxidizing conditions if it formed farther away from the sun. Currently, our target objects orbit well beyond Vesta-in some cases, nearly one full astronomical unit farther from the Sun. However, they show much more dispersion in parameter space than the Vestoids, generally featuring lower Fs numbers and greater diversity in Fs number. This then implies that, despite their current orbits, at least some of these objects' progenitor plan- one between Jupiter and Saturn. These observational results may be of use in establishing constraints on both of these models.
Summary
We present visible and near-infrared spectral analysis of nine outer belt However, these conclusions are based on small sample sizes, and additional work is required to better understand compositions of these objects and the specific oxidation state of the solar nebula as a function of time and location.
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